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ABSTRACT 

Heat  transfer  rates  are  measured  on  a  two-dimensional,  blunt,  flat 
nose  and  In  the  separated  and  roattachlng  flow  regions  of  the  separation 
bubble  behind  the  leading  edge  corners  In  the  high  enthalpy  laminar  transonic 
and  supersonic  flow  In  the  shock  tube. 

The  measurements  are  carried  out  In  a  shock  Mach  number  rango  from 

2.5  to  10,  and  a  corresponding  flow  Mach  number  from  approximately  0.4 

(the  flow  being  choked)  to  2.7.  The  Reynolds  number,  which  Is  based  on 

2  4 

half  of  the  nose  height,  varies  from  8  x  10  to  3.3  x  10  and  the  local  Reynolds 

number  on  the  flat  plate  section,  behind  the  leading  edge  corners,  based  on  the 

3  5 

distance  from  the  stagnation  point  varies  from  I  x  10  to  1.5  x  10  . 

The  results  are  correlated  In  terms  of:  (Nu/Pr),  (q//p^~)  and  (Nu/PrRe*^) 
as  functions  of  Mach  and  Reynolds  numbers  and  stagnation  to  wall  enthalpy  ratios. 
The  variations  of  local  maximum  and  average  heat  transfer  rates  on  the  nose 
section  and  In  the  separation  bubble  region  behind  the  corner  are  presented. 
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-  Half  height  of  leading  edge 

-  Flow  Mach  number  behind  initial  shock  wave  in  the 
shock  tube 

-  Flow  Mach  number  over  model 

-  Shock  Mach  number 

-  Local  Nusselt  numbe*  on  fiat  plate  section,  based 
on  distance  from  stagnation  point 

-  Local  Nusselt  number  on  leading  edge  based  on  halt 
leading  edge  height 

-  Initial  pressure  in  the  shock  tube  low  pressure  section 

-  Prandtl  number 

-  Local  heat  transfer  rate 

-  Flat  plate  heat  transfer  rate 

-  Two  dimensional  stagnation  point  heat  transfer  rate 

-  Reynolds  number  on  flat  plate  secTion  based  on 
distance  from  stagnation  point 

-  Reynolds  number  based  on  halt  leading  edge  height 

-  Time 


X 


-  Local  length  coordinate  measured  from  stagnation  point 


'  INTRODUCTION 

As  part  of  the  separated  flows  and  near  wake  studies  underway  at  the 
Department  of  Aeronautical  Engineering  of  the  Techn ion- Israel  Institute  of 
Technology,  heat  transfer  rates  were  measured  over  the  two  dimensional  blunt 
base  of  a  wedge-flat  plate  In  the  shock  tube  [l].  The  heat  transfer  rates 
variation  across  the  base  surface  were  found  to  be  In  the  subsonic  flow  cases 
and  in  some  supersonic  flow  experiments  wavy  with  multiple  peaks.  Since  the 
reversed  flow  in  the  base  region  (near  the  base's  center)  resembles  to  some 
degree  stagnation  point  flow  it  was  tried  to  compare  these  results  with 
stagnation  point  heat  transfer  data,  Two  flow  geometries  were  considered  for 
comparison: 

(a)  A  two  dimensional  jet  impinging  on  a  vertical  wall  which  may  be 
similar  to  the  central  part  of  the  recirculating  wake  Impinging 
on  the  base 

(b)  a  blunt  flat  nose  exposed  to  uniform  flow. 

However  vary  little  experimental  information  was  found  about  such  configurations  in 
the  range  of  parameters  experienced  in  our  shock  tube  experiments.  Measurements 
heut  transfer  from  a  free  jet  to  a  wall  C2]  were  compared  with  the  data  of  [l] 
and  some  gualltative  agreement  was  found.  Still  It  is  felt  that  the  base  flow 
cannot  be  strictly  analogous  to  the  impinging  jet  case.  Therefore  It  was  decided 
to  investigate  the  blunt  flat  nose  configuration.  This  configuration  was  chosen 
because  technically  it  was  easy  to  obtain  simply  by  turning  the  wedge-flat  plate 
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bas6  heat  t-ansfer  mooe!  desc-beo  n  [  ]  with  the  base  facing  upstream  thjS 
getting  a  blunt  fat  two  G.mensiona.  nose  as  the  leading  eage  of  the  mudei 
i n  The  two  dimensional  fow  o*  tne  shock  tube 

The  b  unt  fiat  nose  heat  transfer  data  is  interesting  >n  i+selt  s'nce 
ali  hyper  velocity  vehicles  use  blunted  noses  at  their  leading  edges  to 
reduce  the  'ntense  heat  transfer  rates  As  +he  maximum  -ocai  heat  t-ansfer 
rate  in  most  cases  wit*  s+l I  occur  at  the  forward  stagnation  point  or  its 
vicinity  the  heat  T-ansfer  -ates  assoc 1  area  with  th.s  region  a<-e  of  con¬ 
siderable  practical  as  well  as  theoretical  ;nTerest  and  additional  data  is 
useful  since  the  case  of  the  fiat  two  dimens.onai  blunt  nose  has  not  yet 
been  intensively  investigated 

While  the  blunt  nose  heat  t-ansfer  variations  are  invest. gated  the  heat 
transfer  rates  are  also  measured  on  the  flat  plate  section  of  the  mode!  in  the 
separating  and  reattaching  f  ow  behind  the  sharp  corners  of  the  leading  edge 
This  ntormation  on  the  heat  trar.sfs-  rates  in  the  leading  edge  separation 
bubbie  supplements  previous  studies  of  other  separated  flow  cont  gurat.ons  which 
were  studied  in  this  laboratory  CG.  Q3D  anc  CG* 

Stili  the  mam  objecT  in  The  present  work  .s  not  the  D*unt  nose  problem 
as  suchc  nut  the  comparison  of  the  flat  nose  heat  transfer  rate  data  with  that 


of  the  bunt  base 
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I  I  ,  EXPERIMENTAL  AP"APATUS 

A.  Tho  Shock  Tube  and  I ts  Instrumentation 

The  heat  transfor  rate  measurements  are  performed  in  tho 
75mm  x  75  mm  shock  tube  which  is  tho  straiqht  channel  section 
(unexpanded  flow)  of  the  Department's  laboratory  10"  x  12"  hyper¬ 
sonic  shock  tunnel. 

The  shock  tunnel  (Fig.  I)  consists  of  a  cylindrical  compression 
chamber  1.5  meter  long*  a  square  low  pressure  tube  of  75mm  x  75mm  cross 
section  7  meters  icnq  and  a  oouh le-oxpandod  nozzle  to  a  10"  x  12" 
hypersonic  test  section  Tho  present  measurements  are  performed  In 
tho  test  soction  at  the  ond  of  the  last  section  of  the  straiqht  low 
prossurc  tube 

The  low  pressure  soction  is  evacuated  to  1,5mm  Hq.  ab,  using  air 
as  test  gas.  High  p-essure  bottled  air  or  hydrogen  are  used  as  driver 
gases  in  the  compression  chamber.  A  detailed  description  of  the  shock 
tube  and  tho  instrumentation  is  presented  in  £5], 

The  shock  wave  speed  is  determined  by  measuring  the  tlmo  of  travel 
of  tho  shock  wave  botweon  two  thin  platinum  film  resistance  thermometers 
mounted  a  known  distance  apart  flush  on  the  shock  tube  wall.  The  thin 
film  qaqes  being  under  constant  current  react  to  the  passaqe  of  the  shock 
wave  by  a  sudden  Jump  in  their  output  voltaqe  which  is  fed  through  pul  so 
amplifiers  into  t.  10  Moqacvclo  counter. 
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B.  Heat  Transfer  Model 

The  model  Is  a  steel  wedge-flat  plate  with  a  blunt  edge  (Fig.,  2) 
spanning  the  shock  tube  test  section.  It  is  the  same  model  that  was 
used  for  blunt  base  heat  transfer  measurements  [ID  except  that  in  the 
present  experiments  the  blunt  edge  Is  turned  upstream.  The  center 
part  of  the  model  is  made  of  pyrex  glass  on  which  a  number  of  thin 
platinum  film  gages  are  sputtered.  Gages  Nos.  I  to  6  and  Nos.  II  to 
13  are  positioned  on  the  top  and  bottom  flat  surfaces  behind  the  leading 
edge  corners  and  are  used  to  measure  the  heat  transfer  rates  in  the 
leading  edge  bubble  separating  and  reattaching  flows.  Four  gages,  Nos. 
7-10  are  positioned  on  the  flat  nose  as  shown  In  Fig.  2.  The  model 
chord  Is  41.09  mm  and  the  leading  edge  height  is  2h  =  3.66mm. 

The  positions  of  the  nose  gages  centers  from  the  nose  center 
(stagnation  point)  and  of  the  flat  surface  gages  centers  from  the 
leading  edge  corners  are  given  in  Table  No.  I.  Given  are  also  the 
non  dimensional  distances  from  the  stagnation  polnt-x/h. 
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TABLt  ! 


Pos  i  t  i  on 

Gage  Nos., 

distance  from 

stagnation 
po  i  n  f 

X  mm 

distance  from 
the  corner 

mn 

x/h 

) 

7 

-1.62 

! 

i 

i 

j 

-0,572  1 

1 

1 

8 

-0.08 

- 

-0.028 

Leading 

, 

I  26 

_ 

1 

0.444 

Edge 

I 

1 

10 

j 

2  37 

i 

1 

I 

0.836 

) 

* 

! 

i  j 

3 

j 

11-83 

9.00 

I 

4,176 

i  I 

i 

i 

4 

8,67 

5.84 

♦ 

3.060| 

i 

5 

6.02 

3.19  j 

| 

2.125: 

1 

Flat 

6 

l 

4.01 

! 

1.18 

1.416 

» 

Surfaces 

1  1 

1 

3.65 

0.82 

1 . 289 j 

12 

I 

6.  19 

3.36  j 

2.185; 

I 

» 

13 

| 

9,06 

6.23 

i 

1 

3.198! 

1 

The  average  width  of  the  gages  on  the  nose  is  approximately  0.8  mm. 


The  heat  transfer  gages  are  thin  platinum  film  resistance  thermo¬ 


meters  sputtered  on  pvrex  glass  hacking  material.  Every  film  is 
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calibrated  and  operated  as  described  in  C6].  The  outpuT  of  the  gages 
is  fed  into  an  oscilloscope  and  into  tne  araioq  compunng  network  aiso 
described  in  C6D  which  turns  the  gage  output  into  a  step  function 
directly  proportional  to  the  heat  transfer  rate  This  step  function 
is  fed  into  the  same  oscilloscope  through  a  !  megacycle  chopper  thus 
displaying  both  signals  simultaneously.  The  oscilloscope  trace  is  then 
photographed.  A  typical  example  of  the  thin  film  gage  output  is  shown 
in  Fig.  3 

C  Flow  Uniformity 

Determination  of  flow  conditions  in  tne  shock  tube  is  inherently  more 
difficult  than  in  the  low  Temperature  continuous  flow,  and  even  if  this 
is  accomplished  with  acceptable  accuracy,,  there  are  sti  I  !  two  condit.ons 
that  must  be  ascertained  The  first  is  Two-dimensional ity  and  uniformity 
which  are  verified  by  the  reproducibility  of  the  results  of  consecunve 
shock  Tube  runs.  In  the  present  wo^k  the  reproducibility  varies  between 
4  5!?  and  4  10?  indicating  uniform  two-dimensional  flow. 

The  second  condition  is  that  the  heat  transfer  rate  in  the  shock 
tube  flow  must  reach  steady  conditions  before  the  termination  of  the 
uniform  hot  flow.  In  the  present  work  this  condition  is  aiso  fulfilled 
a*  Indicated  in  Fig.  4.  While  the  test  times  in  this  shock  tube  vary 
beTween  380psec  at  =  2  to  about  90usec  at  Mg  =  iO  The  Time  of  establish¬ 
ment  of  steady  heat  transfer  conditions  vanes  from  250v;sec  at  M  -  2  5  io 
40usec  and  25gsec  at  =  10  in  the  separated  flow  behind  the  leading  edge 
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corner  and  on  the  nose  near  the  corners  respect i vely,  and  also  from 
70ysec  at  Ms  =  2.5  to  25ysec  at  =  10  in  the  vicinity  ot  the  nose 
center. 

Ml,  HEAT  TRANSFER  RATE  MEASUREMENTS 

Heat  transfe-  rates  are  measured  on  the  flat  blun+  leading  edge  ct  the 
model  and  in  the  separated  flow  and  reattachment  regions  on  the  flat  „u:tace 
behind  the  sharp  leading  edge  corners.  The  test  >*ange  of  flow  conditions  s 
obtained  by  varying  the  shock  Mach  number  from  2„5  to  10.  This  is  oor.e,  due  to  the 
shock  tube’s  structural  !  imi tat 'ons*  by  chang  ng  the  low  p'essure  in  the  shock  tube 
be+ween  ! 00  mm  Hg,  ab,  to  1,5  mm  Hg,  ab.  hcld-ng  the  h*gh  pressure  driv'ng  gas  to 
less  than  600  psi.  This  procedure  results  in  a  simultaneous  variat'on  in  Mach 

number,  Reynolds  number  and  stagnation  to  wall  enthalpy  ratio  (  the  free  stream 
stagnation  temperature  to  waM  temperature  ratio  varies  in  these  tests  from  5  tc 
more  than  50  when  the  shock  Mach  number  is  increased  from  2,5  to  10,5,  This 
simultaneous  variation  ot  the  main  flow  parameters  comp' i cates  the  interpretation 
ot  the  data,  the  understanding  of  the  individual  effects  and  the  importance  ot  me 
var ious  parameters.  It  is  necessary  to  cross  plot  the  results  in  order  to  cbtam 
some  indications  as  to  the  important  parameters,  while  even  then  some  “esults  rem.,i .  n 
onexp I  a i ned , 

2 

The  free  stream  Reynolds  number  in  these  tests,  Re^,  ranges  from  8,4  *  10 

4 

to  3,3  x  10  ,  and  the  local  Reynolds  number  on  the  flat  surfaces  of  the  model  ranges 
3  5 

trom  I  x  10  to  1.6  x  10  .  The  flow  Mach  number  behind  the  initial  shock  wave„ 


fl 


1*2  computed  from  tho  shock  strength  and  real  gns  offects  should  vary  frm  I  .  00 
to  2.64  but  due  to  flow  choking  In  the  tost  section  at  <t  ?  i  or  M  >  5  65_ 
correspondlnq  to  all  air  driven  and  a  few  hydrogen  driven  runs)  the  real  flow 
Mach  number  ranges  from  about  0.4  to  2.64.  The  lower  limit  of  tnis  ranqe  is  not 
accurately  known  sinco  the  boundary  layer  displacement  thickness  on  tho  shock  tube 
walls  can  only  bo  roughly  evaluated.  Accordlnq  to  one  dimens'onal  flow  theory 
and  tho  test  soctlon  and  model  dimensions  choking  should  occur  at  <  I  33  or 
M  <  3.2,  but  as  wi I i  bo  shown  in  the  next  section,  the  present  results  clearly 
indicate  choking  up  to  =  l„68  (M  =  4.12).  Only  for  >  2  iM  >  5  65)  complete 
supersonic  flow  over  the  model  Is  observed.  This  shows  that  tho  boundary  layer 
on  the  walls  has  a  strong  effect  on  the  flow  blocking  in  the  test  section 

The  heat  transfer  rates  are  determined  from  the  output  of  both  the  thin  film 
thermometers  and  the  analog  networks.  The  flow  conditions  are  assumed  to  be  the 
free  stream  conditions  behind  the  initial  shock  wave.  The  use  of  the  flow  conditions 
behind  the  detached  bow  shock  as  reference  conditions  in  the  present  test  conditions 
did  not  result  in  any  significant  changes  In  the  results,  so  that  the  Tree  stream 
conditions  were  used  in  all  regions  of  the  flow.  All  the  shock  tube  runs  in  the 
present  work,  even  in  the  case  of  choked  flow,  are  however  characterized  by  a  wall 
temperature  that  is  considerably  lower  than  the  flow  stagnation  temperature  and  tho 
present  recults  correspond  to  highly  cooled  wall  cases 

A .  Meat  Transfer  Measurement*  Over  the  Leading  Edge  Separation  bubble 

The  heat  transfer  gages  on  the  flat  surfaces  are  positioned  from  about  Imm  to  d  mm 
bohind  the  leading  edge  corners.  The  local  Nussilt  number  for  each  of  the  gages  on 
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the  flat  surfaces  is  calculated  from  the  measured  heat  transfer  rate,  the 
evaluated  free  stream  conditions  and  the  local  lenqth  coordinate,  x, 
measured  from  the  stagnation  point.  The  variation  of  the  local  Nusselt  number 
with  the  local  Reynolds  number  for  these  gaqes  is  shown  in  Figs,  5(a)  to  5(d) 
Indicated  in  these  figures  for  comparison  is  also  the  corresponding  fiat-plate, 
attached,  laminar  boundary  layer  heat  transfer  rate  at  the  same  free  stream 
conditions  given  by 


0,33  Pr 


1/3 


1/2 


The  variation  of  the  loca*  heat  transfer  rat,o  q/q  on  the  fiat  surfaces 

t  p , 

behind  the  leading  edge  sharp  corner,  where  gf  ^  is  the  corresponding  attached 
pate  value,  is  shown  in  Figs  0(a)  and  8(h)  and  the  maximum  and  average  reiat  ve 
heat  transfer  r^f-os  are  given  ,n  F.ga  8(c)  and  8(d)  as  functions  of  the  Reynolds 
number  and  shock  Mach  lumber  respectively 


Examination  ot  the  variation  of  the  Nusselt  number  with  the  Reynolds  number 
on  the  fiat  surfaces  (Fiqs,  5(a)  to  5(d))  in  the  separated  and  reattaching  flow 
•eqions  shows  this  variation  to  be  linear  (on  log-log  paper)  and  steeper  than 
the  flat  plate  attached  flow  variation,  similar  to  the  corresponding  figures  in 
[ij,  [3j  and  Figs.  5(a)  to  5(c)  display  two  levels  of  heat  transfer  at  the 

same  Reynolds  number  but  at  different  flow  Mach  numbers.  The  lower  Mach  number 
line  is  higher  and  steeper.  This  seems  to  be  due  to  flow  choking  so  that  the  higher 
■ne  indicates  flow  that  is  initially  subsonic  and  separates  at  near  sonic  con¬ 
ditions.  Comparison  with  Fig.  5  of  Ref.  [4j  however  discovers  a  contrast  which 
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fiay  indicato  that  separation  of  a  uniform  flow  from  a  sharp  leading  edge  stop 
model  and  tho  separation  of  a  flow  while  accelerating  around  a  sharp  corner  aro 
i nhoront I y  different.  In  tho  step  separation  case  we  find  that  In  tho  "dead 
water"  rogii  tho  variation  of  tho  Nussolt  number  is  steeper  than  for  attached 
flow  and  tho  flow  is  sonstivo  to  disturbances  such  as  choking,  shock  wave  detach¬ 
ment  or  local  transition  effects  whereas  in  the  reattachment  zone  the  lino  of 
Nu^  vs.  Rc^  paralle  s  that  of  the  attached  flow  and  is  insensitive  to  disturbances  or 
Mach  number  variation.  The  present  case  of  separation  behind  the  sharp  corner  of 
tho  flat  nose  has  the  opposite  characteristics.  The  data  from  gages  Nos.  6  and  II 
(Fig.  5d)  that  are  closest  to  the  corner  and  in  fully  separated  flow  falls  on  one 
line  that  parallels  the  attached  flow  line  Irrespectively  of  the  free  stream  Mach 
number  and  flow  condition  (supersonic  or  choked)  which  can  be  explained  by  the 
fact  that  the  flow  in  the  vicinity  of  the  corner  is  always  near  sonic.  However 
the  heat  transfer  rale  variation  further  downstream  (Fig.  5a-c)  resembles  tho  "dead 
water"  data  of  [4]]. 

In  these  shock  tube  runs  due  to  technical  limitations  of  the  experimental  system 
mentioned  at  the  beginning  of  section  III  all  of  the  free  stream  conditions  are  varied 
s imu I taneous  I  y  and  the  effect  of  each  main  flow  parameter  cannot  be  experimentally 
i nvest iqated. 

In  an  effort  to  separate  these  effects  the  data  is  replotted  as  q/Zhj"  and 
I  /2 

Nu  /F’r  Re  as  functions  of  the  shock  Mach  number  (Figs.  9a  and  10a  respectively) 
x  x 

In  the  case  of  laminar  attached  flow  these  parameters  are  independent  of  the 
Reynolds  number  and  should  indicate  the  effect  of  the  flow  Mach  number  and  enthalpy 


rat io. 


For  the  hydrogen  driven  runs  (  superson  c  flow  i  the  Curves  n  Fig  9(a) 
that  correspond  to  the  various  gages  have  al  the  same  *o'm  whci  eas  when  the 


flow  is  choked  no  common  pattern  is  obse^veo  Ou“sranding  ,5  The  ♦act  that 
m  case  of  gages  II  and  6  that  are  closest  to  The  corner  rne  curves  are  con¬ 
tinuous  but  for  all  other  gages  there  is  a  sharp  d.scontin^t fy  between  the 
parts  correspond i ng  to  the  choked  and  to  The  supersonic  fowl  This  phenomenon 
will  be  discussed  in  section  IV. 


B  Flat  Nose  Heat  Transfer  Measurements 


The  Nusselt  number  for  the  gages  on  the  flat  nose,  ,s  bases  on  the  nose 
height  and  free  stream  conditions,  its  variation  wiTh  the  Reynolds  number 
(also  based  on  nose  height)  is  shown  in  Figs  6(a)  to  6(a)  'ndicated  in  these 
figures  for  comparison  is  also  the  correspond i ng  two  dimensona.  flat  stagnation 
point  heat  transfer.  It  is  based  on  the  values  given  by  Cohen  and  Reshotko  [7] 
and  Lees  C83  for  a  two-dimensional  cylindrical  stagnation  poinT  mod- tied  by  a 
factor  of  0  665  to  the  flat  nosed  stagnation  point  £8]  and  [9J  This  stagnation 


point  value  g^  is  also  used  to  compute  the  ratio  of  Iocs:  nose  to  stagnation 

point  heat  transfer  rate  g/g  ,  the  variation  of  which  across  The  fiat  nose 

s  p . 

i*.  shown  in  Figs  7(a)  and  7(b)  Since  the  nose  height  is  guto  sma !  i  (only 


■  66  mm)  there  are  only  four  heat  transfer  gages  positioned  on  ;+  and  the  width 


of  the  platinum  strip  (average  width  is  0.0  mm)  is  not  neg.ig.bio  compared  to 


flie  nose  height  Thus  the  value  of  the  heat  transfe-  rate  os  measured  by  each 
gage  is  not  a  local  value  but  an  average  oven  the  strip  wiarh  By  assuming  a 
symmetrical  heat  transfer  rate  distribution  and  presenting  each  of  the  gages 
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readings  also  in  its  "mirror  .mage1'  posit  on  (these  ref  ecteo  po.nfs  a  &  marked 
by  flagged  symbois  for  identification  of  the  actualy  measured  vafues;  a 
plausible  curve  could  be  drawn  through  these  readings  w  Th  tre  curve  pass  ■  r.g 
through  the  gage  strip  w  dth  in  such  a  manner  +hat  tne  area  be twee.,  ct.  ^e  ar d 
strip  above  the  strip  shojld  equal  that  below  the  strip  in  tn  s  way  +  ~e 
measured  value  is  an  area  average  ot  the  p  esented  curve  This  *echn  q„e  was 
also  used  in  C*D,  but  on  second  examination  ot  the  results  the-e^  t  was  *o_nti 
that  in  some  cases*  especially  when  the  heat  transte-  ■'are  o  st'  button  a  w a*f 
and  the  variation  over  the  gage  strip  is  ;arge  totally  difte-ent  cj  ves  :.ar  ce 
drawn  without  violating  the  equal  areas  rule  It  «*as,  therefore  oec  oea  nor 
to  piace  too  much  emphasis  on  the  deta  .ea  oca  distribution  ana  to  na  cate 
in  the  present  paper  oniy  the  average  va  ues  (Figs  ?a  anc  7b;  The  re  at  »e 
width  of  each  gage  is  indicated  once  in  these  figures  ano  the  overage  vanes 
are  connected  by  straight  lines  in  order  to  distinguish  beTween  tr.e  vaic-s 
shock  tube  runs, 

Figs  7(c)  and  7(d)  disp’ay  the  dependence  of  the  iocai  hea+  trare'e  -3te 
peaks  and  the  average  heat  transfer  rate  on  the  nose  or,  the  Reynolds  and  Sno  * 

Mach  numbers  respectively. 

As  in  section  1 1 1 A  the  daTa  for  the  flat  nose  s  aisc  rep  ot’ea  as  q/» F 
I  /2 

and  Nuh/Pr(Reh>  vs,  M^  in  order  to  d.sttnguish  between  the  e»  ects  o+  "re 
Reynolds  and  Mach  numbers  (Figs  9b  ano  : Ob ) 

The  curves  of  q/  fp~  vs  Mg  in  th  s  case  (Fig  9b)  are  a’i  continuous  ar.d 


o f  about  the  sane  pattern  contrary  +o  +he  case  c*  the  separation  bubble.  Fig,  I  Ob 
shows  Cages  Nos  8  and  9  to  be  +he  only  nanes  that  are  nearly  independent  of  the 
Mach  number,  apparent 'v  because  these  qaqes  are  very  close  to  the  nose  center  and 
the  staqnation  point  flow  is  independent  of  the  free  flow  Mach  number, 

The  gages  nearer  the  corner,  however,  show  a  combined  effect  of  Reynolds  and 
Mach  numbers,  similar  to  the  case  of  the  gapes  in  the  reattecbment  region  on  the 
flat  surfaces  behind  the  corners  These  Reynolds  and  Mach  numbers  effects  can¬ 
not  be  separated  In  these  req:ons  the  flow  must  be  further  investigated  with¬ 
out  the  limitations  on  the  variation  of  the  flow  conditions  imposed  bv  the  present 
shock  tube  so  that  the  individual  effect  and  importance  of  the  various  flow  para¬ 
mo  fers  may  be  further  determined. 

I V . DISCUSS  I  ON  Cr  RESULTS . 

I .  Comparison  Between  Heat  Transfer  Distributions  i^ver  a  Flat  Nose  and  a  Elat  Base 
An  interesting  comparison  is  obtained  between  the  relative  heat  transfer  n/n 

s . 

variation  across  the  blunt  base  F 1 1  and  the  present  blunt  nose  (Figs.  7a-7b).  C< 

he  blunt  base  two  hne+  +rens<'»r  varial  'ons  were  encountered.  In  The  low  V  run 

s 

when  +he  flow  is  choked  and  the  xiow  over  tKe  base  is  subsonic,  +ne  variation  is 
very  wavy  with  shanp  slopes,  with  two  peaks  nearer  the  corner.  These  peaks  are 
sometimes  higher  and  in  some  cases  are  found  to  be  lower  than  the  center  near 
stagnation  point  peak.  In  the  high  runs,  supersonic  flow  over  the  base,  in 

addition  to  the  wavv  variation  we  find  also  a  monotonic  distribution  with  only 
one  peak  in  the  center  at  the  rear  stagnation  region.  Those  two  types  occur  at 
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nearly  the  same  free  sT-eam  conditions  which  seems  to  .rdicate  seme  r>~ 

stability  in  the  near  wake  fiew  it  was  assumed  That  Ths  actua  f  ow 

configuration  is  dependent  or,  the  ex  sTence  or  non  ex.s+ence  or  some 

disturbances  such  as  t-ans.tior  effects  or  three  dimens  one  (Gino-x, 

vortices  tn  the  present  fiat  nose  case  the  two  d  f’e-er,*  types  oi 

heat  transfer  variat  on  wh  ch  are  cbse'veo  are  stame  and  -epeoTab.e  f  gs  7.b; 

The  Svbsonc  and  fcar.sonic  fiow  cases  e  a  or  the  Dir  dr  yen  runs 

ana  some  cf  the  !ow  shock  Macn  numbe'  hyorogen  ar  yen  .-.-ns  have  a  W 

shaped  heat  t-ansfe*  variation  a  ways  wi~h  a  peak  at  the  center  < 'orwaro 

stagr.a+  on  poin+'  and  two  much  hgher  pe3ks  near  'he  corners  These  corner 

peaks  can  oe  expecTeo  because  or  ’he  f  ow  acce  arat-on  around  the  corner 

as  shown  by  wees  T8J  and  Kemp,  Rose  and  Detra  E'OD  in  the  present  worn. 

♦base  heat  transfer  -ate  peaks  a^e  h  gher  since  the  corne's  are  sharp 

Tne  present  measured  variation  is  a  so  more  wavy  than  the  theo-et  ca 

curves  in  Refs  £8]  and  L  0]  Out  a  s  milar  behaviour  can  a!so  oe  ound 

in  the  expe-imenta!  results  of  Ref  and  C;0D  The  value  cf  rna  co-ne- 

peak  ( q/q  =  '65)  is  almost  cons-ant  in  at!  subsonic  -uns  as  ire  *  o»  thee 
s .  p 

is  near  sonic  in  aH  these  tests  'a  so  Figs  7c.  d)  interesting  to  note  s 
that  at  gage  No  9  the  heat  t'-ansfe-  rate  is  rather  constant  Ig/g  n  =  0  55) 
even  though  The  free  sTream  conditions  change  and  The  heat  Transfer  ir.d  cated 
by  the  ether  gages  varies  cons  oerab  y  The  neat  t-ansfe'  •  a*e  at  ’he  o'-wa  d 
stagnation  pent  is  somewhat  tower  than  the  values  predicted  b>  Cohen  and 
Reshotko  [7X  As  the  flow  Mach  number  is  increased  from  subsonic  few 
Ceases  I  to  5  in  rig  "’a)  tc  transonic  fiow  (cases  6  and  7  in  f  g  ?a  and  cases 
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8  and  9  of  the  hydrogen  driven  runs)  the  heat  transfer  rate 
distribution  has  a  monoton  I ca 1 1 y  chanqinq  W  shape,  then  finally 
the  supersonic  pattern  Is  observed  (cases  in  to  13  of  Flq.  7b). 

Here  aqaln  a  constant  value  of  q/q  =  I,  Is  measured  at  q me 

S  i  p  • 

No.  9.  This  value  is  almost  twice  the  subsonic  flow  value. 

Stagnation  point  heat  transfer  rates  are  again  somewhat  lower  than 
the  calculated  values.  The  corner  peak  heat  transfer  rates  grow 
as  the  flow  Mach  number  is  increased  and  the  Reynolds  number  is 
reduced  (Fig.  7c,  d).  It  must  be  stated  that  although  the  two 
different  types  of  heat  transfer  distribution  are  encountered  in  the 
present  flat  nose  case  for  fhe  subsonic  and  supersonic  flow 
respectively,  this  case  is  inherently  different  from  the  blunt  base 
heat  transfer  phenomena  as  observed  in  HI  The  heat  transfer- 
distributions  on  the  flat  blunt  nose  are  stable  and  repeatable  and  change 
gradually  from  one  into  the  other  but  in  the  case  of  the  blunt  haee 
the  distributions  are  not  stable.  Similar  instability,  but  of  a 
smaller  magnitude,  was  also  observed  by  Holden  [o]  on  a  blunt  lose 
when  he  Induced  flow  separation  on  a  flat  ended  cylinder  with  a  spike 
(Tig,  14  of  [93).  He  found  that  this  also  caused  the  total  heat 
transfer  to  decrease  to  approximately  one  half  of  the  unspikod  value*. 

This  difference  between  spiked  and  unspiked  (separated  and  attached) 
flow  stability  and  total  heat  transfer  rates  resembles  the  differences 
between  the  separated  unstable  heat  transfer  rr.te  disvrlbution  on  the 
blunt  base  and  the  attached  stable  distribution  on  the  Hat  blunt 


nosed  mode  I . 


16  - 


2  Heat  Transfer  Pi str i hut , on  About  tho  Leading  Edge  Separa* . on 

f'i  i[i  i 

Due  to  the  sharp  corner  at  the  blunt  flat  nose  edqe  •  r t; 
flow  detaches  there  and  a  leading  edqe  separation  bubb  e  s 
established  just  downstream  of  the  corner  it  has  been  inn 
in  Section  IIIA  that  this  kind  of  separation  ,s  d  ffe'ent  trom  •  hv. 
sharp  leading  edge  step  mode  separation  Sepa'a^on  j.cea  o> 

the  var  1O0S  types  of  sieps  are  character  sod  iy  ,i  c,mM  >.  t.  ’v  • 

whereas  no  such  t  ,ow  exists  m  me  case  o>  » •  h  •  •  •  10  ■,  e  ,<.•  .< 
corner  separations  This  difference  r.  the  ’ypos  of  f‘Ow  sepa  if  »:■ 
is  discussed  and  exp'a'ned  by  Tan  iuch,  and  Komoda  [  J 

In  the  case  of  a  leading  edge  separation  the  development  cr  the 
flow  may  follow  two  possibilities 

a)  The  flow  may  remain  separated  without  'eatiach  n,j  lh  s 
is  observed  in  the  case  of  low  Reynolds  numbtii  mm.i.a. 
separat ion 

b)  A  separation  bubble  is  established  immed.ateiy  behind  the 
corner  and  the  flow  then  reattachBS  L’  :fc  ‘  n  ,  an 

Tan i  [[,?’]  summarizes  a  number  of  results  for  subsonic  lead'  ,o 
edge  separation  bubbles  He  shonc  that  rea 1 1 achieve  n r 
when  tin'  Reynolds  number,  based  on  the  boundary  ia>e  d;s 
[  •  ci  I'injfr  t  thickness  at  the  separation  point  is  grea+e'  Thar 
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500  I r  this  case  transition  occurs  in  the  flow  over  The 
Duhb.e  and  »♦  'eari aches  turbu'entiy. 

r.  ms  p-esent  work  *ho  hea*  transfer  ois+ributton  o  *er  the  .  ;  aT  .j  >  .  ». 

;jst  beyc.ro  the  .esd.ng  eoqo  correr  is  shown  in  F,gs  8ta,  and  b  fc  re* 

susscmic  arc  s^persor'c  cases  respectivGy  The  very  ' ow  va  ues  z-  nv; « 

t  *ans  Gi  q  <((  *  091  j.ist  beyond  the  corner  indicate  ThaT  the  i  •,*  , 

separatee  mere  .n  a'1  the  runs  Further  downstream  the  heaT  r  ansro  c*e 

.  nu'eases  era  The  maximum  measured  values  of  q/q,  vary  between  G  26  •; 

f  -  P  - 

i  0  fcr  subson  c  1  ,cw  case  and  0.27  to  0  75  for  supersonic  f:Ow  whe  e 
r.ghe*  vaiues  are  obtained  at  higher  Reyn^» 3  c  -v.-.i.-.  •  'rig  8(c)' 
no*  oe  fmmiy  concluded  *  *om  these  dis  i.  .*  •on  it  the  flow  is  ij.  v 


*e.3TT3r.nea  wjvh.n  tne  qaqed  section  of  the  r,.  -■ 


ii  r at .  on  or  F  c,  9  ■  ? 


may  nd'.'.ate  some  cases  where  no  reattacf  occurs  where  me  ea  '■ach- 
men*  s  ro+  complete  The  hear  transfer  variation  of  gages  Nos  6  and 
am  cent  incus  These  gages  are  nea'est  to  The  corner  and  are  a  ‘  ways  w  th 
m  the  separated  fio**  region  On  gages  furTher  away,  there  is  a  break  r 
me  heat  transfer  rate  curve  when  the  flow  chanqes  from  subscr.  .c  to  supr 
scr.-c.  This  jump  may  indicate  that  in  the  high  Reyno  ds  number  near  so‘n-; 
serara c . ct  (icw  M  data  in  Fig,  9a)  the  fiow  reattaches  very  close  to  1  ht 
corner  and  tne  '’shor+  bubble”  separation  pattern  [J2j  is  established  vyr.me 
ir  vna  supersonic  iow  Reynolds  number  case  (high  M  data  Fig  9a.'  rear’d,  n- 


monr  either  does  hot  occur  or  ;s  more  gradua'  as  for  the  '‘long  fcubbie'  r c 


I 
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The  flow  over  the  flat  t> ! ur* t  nose  Is  always  subsonic  In  the  p'esonf 
tests  due  to  the  normal  shock  ahead  of  the  body,  the  flow  downstream 
of  the  corner  accelerates  very  rapidly  to  suporsnnic  velocily  m  the 
hlrjh  Mach  number  tests  or  to  hiqh  subsonic  and  transon>c  voloci*ies 
for  the  choked  flow  tes*s  Also  tne  extent  of  the  separation  bubble 
Is  quite  attested  by  the  h.qhly  cooled  walls  experienced  in  me  present 
tests.  So  that  the  comparison  ot  tne  results  from  these  tests  with 
those  of  the  low  speed  adiabatic  resu'ts  of  Peferences  f  II  *J  and  fl?"] 
can  be  only  qualitative 
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FIG.  I  -  The  10"  x  12"  Hypersonic  Shock  Tube  -  Shock  Tunne 


Fig,  2.  -  Blunt  Flat  Nosed  Heat  Transfer  Model 
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3a)  qaqe  No.  0 

parabola  -  50  nV/div.  stop  -  500  mV/div. 


qaqo  No.  7 
qaqe  No.  10 


par-,:  !  a  -  "iV/d  i  v . 


3c)  qaqe  No.  5 

parabola  -  10  mV/div.  stop  -  100  mV/div 


qaqo  No.  6 

parabola  -  5  mV/div.  stop  -  20  nV/div. 


Hq.  3.  -  I'nf  Tririr,f'T  r‘aqos  Output 

‘•1  =  f.85  =  2.'  '  ^o/cn  =  0.46x1^  Sweep  -  20  usec/div 


GAGE  MO.  3  AT  \  =  4.176 
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MAXIMUM  AND  AVERAGE  HEAT  TRANSFER  RATES  ON  THE  FLAT 


MAXIMUM  AND  AVERAGE  HEAT  TRANSFER  RATES  ON  THE  FLAT  NOSE 
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FIG.  8  (CONT.) 


b)  SUPERSONIC  FLOW  -  HYDROGEN  DRIVER  GAS 


c)  MAXIMUM  AND  AVERAGE  HEAT  TRANSFER  RATES  AT  LEADING  EDGE  SEPARATION 
BUBBLE 


SEPARATION  BUBBLE 


FIG  9 


heat  transfer  rate  vs.  shock  mach  number 

aj  FLAT  PLATE  SECfiON  -  SEPARATION  BUBBLE  DISTRIBUTION 
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SECTION  -  SEPARATION  BUBBLE 


GAGE  NO.  I  AIR -AIR  I  HYDROGEN -AIR 


THE  FLAT 
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